We report electrowetting on dielectric (EWOD) experiments using graphene; a transparent, flexible and stretchable nanomaterial. Graphene sheets were synthesized by chemical vapor deposition, and transferred to various substrates (including glass slides and PET films). Reversible contact angle changes were observed on the Teflon-coated graphene electrode with both AC and DC voltages. Nyquist plots of the EWOD reveal that the graphene electrode has higher capacitive impedance than gold electrodes under otherwise identical conditions, suggesting a lower density of pin-holes and defects in the Teflon/graphene electrode than in the Teflon/gold electrode. Furthermore, we have observed reduced electrolysis of the electrolyte and smaller leakage current in the dielectric layer (Teflon) on graphene electrodes than on Au electrodes at the same Teflon thickness and applied voltage. We expect that the improved EWOD properties using graphene as an electrode material will open the door to various applications, including flexible displays and droplet manipulation in three-dimensional microfluidics.
Introduction
Graphene is a single layer crystal lattice of sp 2 carbon atoms. After its unexpected discovery using a simple Scotch-tape method in 2004 [1] , graphene has demonstrated a range of outstanding physical, electrical, and electrochemical properties, including extremely high charge carrier mobility and excellent in-plane conductivity at room temperature [2, 3] . Graphene has also been recognized as a next-generation transparent conducting electrode material due to its frequency-independent high optical transmission (97.7%) and mechanically flexible/stretchable properties [4] [5] [6] . Particularly, as the price of indium tin oxide (ITO), the most popular material for transparent electrodes, has dramatically increased in recent years, graphene has emerged as an excellent alternative transparent-electrode material to replace ITO in many applications, including organic light-emitting diodes [7] , solar cells [8] , and touch screens [9] . However, graphene has not been investigated for three-dimensional manipulation of droplets and electrowetting, which may lead to novel devices for optical and biological applications [10] .
Electrowetting on dielectric (EWOD) is the control of contact angles (wetting) of droplets by applying an electrical voltage between the droplet and the counter electrode coated with a hydrophobic dielectric layer [11] . The contact angle in response to the applied voltage is described by the Lippmann-Young equation
where θ is the contact angle of the liquid droplet with the applied voltage, θ 0 is the initial contact angle, γ is the surface tension of the liquid-vapor interface, C is the capacitance of the dielectric layer per area, and V is the applied voltage [12] . In EWOD, the capacitance per unit area is determined by ε 0 ε t , where ε and t are the relative dielectric constant and thickness of dielectric materials, respectively, and ε 0 is the permittivity of free space. Because of the presence of an insulating [1] dielectric layer, a large voltage drop can be applied between the conductive droplet and the electrode without electrolysis. The advantages of EWOD include (1) reversible and robust control of contact angles, (2) more applicable liquids that can be manipulated because of the hydrophobic surface coating of dielectric layers (typically fluoropolymer). Therefore, EWOD has been applied in various applications, including digital microfluidics [13] [14] [15] [16] [17] [18] [19] , optics [20] [21] [22] [23] , displays [24] [25] [26] [27] , and analysis of biological samples [28] [29] [30] . Most of the current EWOD devices are based on planar substrates. The electrode materials commonly used in EWOD include metals (gold, platinum, copper, etc), semiconductors (silicon, carbon nanotube) [31] , and ceramics (ITO). Table 1 summarizes the properties of selected materials. ITO (310 nm thick) has a 85% optical transparency in the visible light range [32] . However, it is brittle and lacks flexibility. Gold offers more flexibility, but is rather expensive and optically opaque. None of these electrode materials can achieve both high optical transparency and mechanical flexibility. On the other hand, graphene is a novel nanomaterial with excellent material properties, such as high conductivity, optical transparency, and mechanical flexibility. Graphene thin films can achieve better optical transmission (>90%) than ITO with a similar resistance R s = 20 / [33] . It is also possible to fabricate low-cost graphene electrodes by chemical vapor deposition (CVD) [34] [35] [36] . However, to the best of our knowledge, there has been no report on the application of graphene in EWOD.
In this paper, we demonstrate for the first time that superior EWOD performance can be achieved using graphene deposited on flexible transparent plastic substrates. The graphene-based EWOD devices were measured by applying both AC and DC driving voltages. The electrochemical properties of Teflon-coated graphene were characterized using electrochemical impedance spectroscopy (EIS). Compared to gold electrodes, the Teflon layer on graphene electrode exhibits less electrolysis and less leakage current under the same applied voltages.
Materials and methods
The graphene sheets used in this study were grown using a CVD method [44] . CH 4 gas was used as the carbon source, and was thermally decomposed on copper at high temperature. A clean copper foil (Alfa Aesar) was first annealed for 2 h while flowing a H 2 gas at a rate of 3 sccm and a pressure around 40 mTorr at 1000 • C. To grow graphene, a mixture of 30 sccm CH 4 and 2 sccm H 2 gases was flowed into the chamber for 30 min at 1000 • C. The pressure was controlled at around 500 mTorr. After growth, graphene sheets were transferred onto different substrates following the procedures reported by Colombo et al [44] . Briefly, a thin layer of PMMA 495 (MicroChem, Newton MA) was spin-coated (3000 rpm) on the graphene side of the copper foil and dried at room temperature for 1 h. Subsequently, the copper foil was etched in a 1 M ferric chloride (FeCl 3 ) with the PMMA side facing up. The floating PMMA/graphene sheets were then carefully scooped out of the FeCl 3 solution using a piece of silicon substrate and rinsed in DI water. To obtain a smooth graphene surface, the silicon substrate was kept close to the floating PMMA/graphene sheet until the whole sheet naturally attached to the substrates before it was removed from the beaker. The graphene/PMMA sheet was dried overnight at room temperature. The PMMA layer was then removed by acetone, and the graphene sheet was rinsed several times in isopropyl alcohol (IPA). We transferred graphene onto several substrates, including silicon wafers, thermally oxidized silicon wafers, glass slides, and polyethylene terephthalate (PET) films. The transparent and flexible polyester film (PET) was used to demonstrate EWOD on a transparent, curved and three-dimensional substrate. In consideration of the fact that the glass transient temperature of PET films was less than 200 • C, we did not use high temperature annealing during device fabrication, as has often been described in the literature to remove the PMMA residue [45] .
For external electrical contact, 5 nm Cr/50 nm Au was deposited using electron beam evaporation through a shadow mask made of stainless steel. A Teflon dielectric layer (DuPont AF 1600 1%-6% diluted in 3 M FC72) was spin-coated on top of graphene at 3000 rpm and baked at 165 • C for 2 h. The thickness of Teflon was measured by both an ellipsometry and a surface profiler (Dektak, Bruker). The Raman spectroscopy of the CVD graphene deposited on various substrates was measured by a Raman system consisting of a Jobin-Yvon Horiba Triax 550 spectrometer, a liquid-nitrogen cooled charge-coupled device (CCD) detector, Olympus model BX41 microscope with a 100× objective, and a 514.5 nm Modu-Laser (Stellar-Pro-L) argon-ion laser. The Raman scattered light from the sample was collected by the same microscope objective and was focused on the entrance slit of the spectrometer with a 1200 line mm −1 diffraction grating. The data was recorded and analyzed using the LabSpec software.
The contact angle measurement was performed on a home-built optical system consisting of a Navitar 12× zoom lens, a white light semi-flexible fiber optical source and a USB CCD camera (iSolution). The samples were placed on a three-axis stage while a Labview module was used to control a function generator (Agilent 33120A) and an AC power amplifier. The CCD camera was also programmed using the Labview software to record movies with a maximum frame rate of 60 fps. The system is capable of generating AC voltages from 0 to 140 V with a frequency between 10 Hz and 10 KHz. For EWOD, KCl solution (10 mM, 100 mM) was used.
The AC impedance measurement was carried out using a PARSTAT 2273 advanced electrochemical system (Princeton Applied Research). A schematic illustration of the device structure is shown in figure 1 , where a thin graphene sheet was deposited on top of a PET substrate and was coated with a thin Teflon layer. The working electrode of the potentiostat was connected to the tungsten probe (W1000-1605R, Rucker and Kolls) inserted in a droplet deposited on the dielectric surface, while the counter and reference electrodes were connected to the graphene electrode. The amplitude of the AC voltage was 0.1 mV. The frequency was swept from 0.1 Hz to 100 kHz. All the measurements were performed under ambient atmosphere conditions at room temperature inside a Faraday cage (in order to minimize electromagnetic noises). Nyquist plots were recorded with the x and y axes as the real part and imaginary part of the device impedance, respectively [37] . The leakage currents were measured by a digital multimeter (Agilent 34401A). An additional 1 µm Parylene C dielectric layer was deposited by a Parylene deposition system (Labcoter 2 SCS PDS2010, Specialty Coating Systems, Indianapolis, IN, USA).
Results and discussion
Figures 2(a) and (b) show pictures of two types of graphenebased EWOD devices. Figure 2(a) shows a graphene sheet after being transferred onto a PET film with Cr/Au contact pads. Figure 2(b) shows a graphene EWOD device on a glass slide for droplet manipulations. The graphene was defined using photolithography and oxygen plasma. The low optical contrast of graphene on the transparent glass is attributed to the lack of interference between glass and graphene as well as the high transmission rate of graphene. Figure 2(c) shows Raman spectra of the graphene in figure 2(a) , where a relative intensity ratio of
≈ 0.4 between the G band (∼1590 cm −1 ) and 2D band (∼2670 cm −1 ) along with the shape of the 2D peak indicates that our graphene sample was a single layer [46] . The absence of the D band (∼1350 cm −1 ) indicates the low disorder and high quality of our graphene [47] . The average thickness of a 6% Teflon spin-coated (3000 rpm) device was measured to be 1.2 µm ± 0.2 µm, using ellipsometry. The surface profile of spin-coated Teflon by Dektak shows 15%-20% thickness variations within the scanning range of 3 mm. Figure 3 shows the response of aqueous electrolyte droplets (KCl, 3 µl, 10 mM) to AC voltages (1 kHz) from 0 to 100 V. The voltage was applied between the Teflon-coated graphene electrode and the droplet. By using a droplet analysis tool of the ImageJ software, the initial contact angle of the KCl droplet placed on a 1 µm Teflon dielectric layer (6% in FC72) was determined to be 109.5 • ± 1 • at 0 V. This value was very similar to the literature [13] . The contact angle of the droplet decreased to 70.2 • ± 1 • as the voltage increased to 90 V, without any electrolysis, as shown in figure 3(a) . The voltage dependence of the contact angle can be well described by equation (1), as shown in figure 3(b) (the solid line is the theoretical fit). The unit capacitance extracted from the fit (6.08 × 10 −11 F) is in good agreement with that calculated using the double-plate capacitance model (5.8 × 10 −11 F, assuming γ = 72.7 dyn cm −1 [48] , ε = 2.1, and the thickness of the Teflon layer t = 0.96 µm). The variation of contact angles was probably due to the rough surfaces of the Teflon coatings. As the voltage increased beyond 90 V, no further decrease of the contact angle was observed. This can be attributed to the instability of the applied electrical field where the high density of charge carriers is injected into the insulator, a phenomenon known as contact angle saturation [49, 50, 12] . In the experiment, the dielectric Teflon layer was still stable on graphene even at 160 V and the initial value of the contact angle of the droplet at 0 V was instantaneously restored when the applied voltage was turned off, suggesting high durability and reversibility of the Teflon on the graphene structure. We also observed contact angle changes with DC voltage. The contact angle change range varies depending on the thickness of the Teflon dielectric layer (figure S1 available at stacks.iop. org/Nano/23/375501/mmedia). The reversibility of electrowetting on graphene was tested with two different Teflon (1% and 3%) thicknesses using a Labview controlled power amplifier. Figure 4 shows the cyclability of the contact angles of a droplet on the thicker Teflon layer (3% in FC72; 550-750 nm) coated on graphene when an AC voltage (1 kHz) was switched between 15.3 and 46.9 V. The result shows that the contact angles changed reversibly between 112 • and 92 • for more than 50 cycles. On the thinner Teflon layer (1% in FC72, less than 100 nm), the AC voltage (1 kHz) applied to a 3 µl KCl droplet was switched between 15 and 36 V every 1 s. The result shows the reversible electrowetting with the contact angles switched between 115 • (at 15 V) and 95 • (at 36 V) (see figure S2 available at stacks.iop.org/Nano/23/375501/ mmedia). We speculate that the excellent cyclability of the reversible electrowetting demonstrated by Teflon-coated graphene electrodes could be attributed to the higher chemical and mechanical stability of graphene compared to other commonly used electrode materials. It was also found that the reversible electrowetting was reproducible using both AC and DC voltages. To further study the Teflon dielectric properties with different electrodes, we tested the AC impedance of graphene and gold electrodes using the same Teflon coating condition (6% in FC72). Electrochemical impedance measurement is a common technique to understand an electrochemical system. Critical parameters can be extracted by this method, including the capacitance and leaking resistance of Teflon, the double layer capacitor between electrolytes and solid, and electrolyte resistance. A simplified circuit model for the device is shown in figure 5(a) , where R S is the electrolyte resistance, R T and C T are the resistance and the capacitance of the Teflon layer, and CPE is the constant phase element associated with the double layer of the electrolyte/Teflon interface. Based on the Nyquist plots from figure 5(b) , the circuit could be cataloged by two different regions depending on the frequency of the AC voltages. At high frequency (100 kHz to 100 Hz), CPE is negligible, and R S in series with R T C T dominates the impedance. The depressed semi-circles (Z img 0-1 M and Z re 0-1.2 M ) next to the origin of the plot represent high frequency responses. By fitting impedance data to this model, Table 2 . Parameters for fitting the Nyquist impedance plot with different electrode materials. . The capacitances of the Teflon layer C T on graphene and gold electrodes are 3.8 × 10 −11 F and 4.58 × 10 −11 F respectively. These values are consistent with the theoretical capacitance C = ε 0 εA t assuming a Teflon thickness of 1 µm ± 0.2 µm and droplet size of 3 µl (from 5.8 × 10 −11 to 4.14 × 10 −11 F). At low frequencies (f < 100 Hz), the circuit is dominated by the double layer capacitor of solid/electrolytes. The double layer capacitor is not an ideal capacitor because of the presence of pin-holes and rough surfaces of electrodes. The circuit response is represented by a straight line connected to the depressed semi-circle. The straight line is modeled by a constant phase elements (CPE). A CPE comprises a distribution of Ohmic and capacitive elements which lead to non-uniform, frequency-dependent resistance and capacitance [51] . By fitting the impedance data, we estimated the slope α Teflon/graphene = 0.91 and α Teflon/gold = 0.66. The slope α gave the nature of the impedance properties. For capacitive impedance, α is close to 1, for resistive impedance, α is close to 0. The double layer capacitor of Teflon/gold is more electrically leaky compared to that of Teflon/graphene. For the same voltage range (0-100 V), the contact angle change on the Teflon-coated graphene electrode (∼40 • ) was found to be larger than that on the Teflon-coated gold electrode (∼30 • ) under otherwise identical conditions, suggesting that the Teflon on graphene is slightly thinner than the Teflon on gold. The higher capacitive impedance for the Teflon/graphene electrode system in comparison with the Teflon/gold electrode system can be mainly attributed to the lower density of pores and defects in the Teflon on graphene electrode than in the Teflon on gold electrode [52] .
We measured the leakage current and the breakdown voltage of dielectric layers of different thicknesses and configurations. The breakdown voltage is defined as the minimum voltage which results in an irreversible EWOD [53] . Figure 6 (a) showed leakage current measurements of thin Teflon coatings (3%, 0.55-0.75 µm) on gold and graphene electrodes. The leakage current jumped significantly from 50 to 110 µA with an applied voltage from 40 to 50 V for the gold electrode. Electrolysis was observed around 60 V. When we used a thicker Teflon layer (6%, 1 µm), as shown in figure 6(b) , the leakage currents reduced while the breakdown voltage slightly increased. Nevertheless, at high voltage (>80 V), the leakage current dramatically increased for gold electrodes, which was not the case for graphene electrodes. Severe electrolysis was observed on gold electrodes when the voltage further increased. With graphene electrodes underneath, the leakage current was less than 200 µA and the breakdown voltage was larger than 100 V in both cases (3% and 6% Teflon). Considering pinhole surfaces and the low dielectric constant of the Teflon layer, we also tested the leakage current of two-layers stacking which comprised a Parylene C layer coated with a hydrophobic Teflon layer. Parylene C has a higher dielectric constant (3.1 at 1000 Hz), and is considered pinhole free with thickness higher than few nanometers [54] . Figure 6(c) showed that the leakage current could be reduced for both electrodes with Parylene C sandwiched between electrodes and Teflon. However, when the applied voltage was larger than 90 V, the dielectric layer began to breakdown on the gold electrodes rather than on the graphene electrodes. By testing the EWOD of Parylene C/Teflon stacking layers on graphene, it was found that the breakdown voltage with graphene electrodes could be larger than 140 V without any electrolysis happening. Thus, graphene electrodes allowed the Teflon coating to possess a higher breakdown voltage compared to gold electrodes. In addition, the leakage current in the Teflon/graphene devices was also much smaller than that in the Teflon/gold electrode devices. This is likely due to the fact that carbon atoms have a wide potential window in the electrode/electrolyte interface.
Based on our experiments with graphene electrodes and gold electrodes, the Teflon coatings are expected to be more stable on graphene than on gold for EWOD. Unlike gold, whose surfaces are hydrophilic, the surfaces of graphene are hydrophobic. The interactions between hydrophobic graphene and hydrophobic Teflon may allow Teflon to self-assemble better and provide better adhesion during the coating process. This is further verified in our observation that, under AC 70 V, electrolysis was less likely to occur at Teflon/graphene electrodes than at Teflon/gold electrodes (as indicated by gas bubble generation around the Teflon/gold electrodes, figures 5(c) and (d)).
A reversible contact angle can also be observed in curved substrates using graphene. Figure 7 shows electrowetting performed on gold electrodes ((a) and (b)) and graphene electrodes ((c) and (d)) deposited on PET films. The KCl droplet (5 µl 10 mM) with colored food dye was carefully placed on the curved PET film surface. With thickness 50 nm, a gold electrode became optically non-transparent, and it blocked the light being transmitted through a PET film. In addition, bubbles occurred with the applied voltage 60 V, due to water hydrolysis. While the breakdown voltage of a dielectric layer (Teflon) could be increased by its thickness, thick Teflon required a higher driving voltage for EWOD. In contrast, a graphene electrode is optically transparent. Reversible EWOD on graphene has been observed by applying both DC and AC (10 Hz-1 kHz) voltages.
In summary, we demonstrate that the transparent graphene electrode exhibits superior performance in electrowetting on dielectric (EWOD) compared to other commonly used electrodes such as gold, including higher breakdown voltage, optical transparency, flexibility, and electrical conductivity as well as lower cost. This study provides a new approach to using graphene as a promising transparent conducting electrode material for future EWOD applications. We expect that the improved EWOD properties using graphene as an electrode material will open the door to various applications, including flexible displays and droplet manipulation in three-dimensional microfluidics.
